ABSTRACT A form of ferric lipoxygenase-1 has been isolated that gives an EPR spectrum that is dominated by a species of intermediate rhombicity (E/D = 0.065). This species is obtained in the presence of a number of buffers of high concentration and in the absence of fatty acid byproducts of the iron oxidation. The species is unstable over a period of one day with respect to symmetry of the iron. The EPR lineshapes of the unstable species are highly sensitive to the anionic composition of the buffer and to the addition of neutral ligands. These results suggest that newly formed ferric lipoxygenase has weak affinity for a number of ligands. Affinity of charged ligands for the iron center may provide a mechanism for charge compensation as the iron center alternates between ferric and ferrous in the catalytic cycle. We use spectral simulation to evaluate quantitatively the interaction of the ferric center with ligands and also show that a transition in the middle Kramers doublet makes a significant contribution to the EPR spectrum of the more rhombic species.
INTRODUCTION
In plants and animals, the lipoxygenase family of enzymes catalyzes the conversion of polyunsaturated fatty acids to hydroperoxide derivatives, with regio-and stereochemical specificity (1) . In normal cell function, the hydroperoxides are reduced to hydroxy fatty acids (2) or undergo enzymatic conversion to important metabolites including lipoxins-and leukotrienes (3) . In pathological conditions, for instance in atherosclerosis (4, 5) , lipoxygenase activity may result in formation of free radical by-products (6) . The structure (7) (8) (9) (10) and mechanism ( 11 ) of lipoxygenases are subjects ofcurrent study. Many of the mechanistic questions to which answers are being sought center around the role ofa mononuclear iron in the normal chemistry of the lipoxygenases and in the abnormal production of free radicals.
Electron paramagnetic resonance spectroscopy (EPR) has already provided key information about the role of the iron atom in the mechanism oflipoxygenases: a highspin ferric form of the enzyme undergoes anaerobic reduction by the substrate. The high-spin ferric form, itself, results from oxidation ofa high-spin ferrous, resting form of the enzyme (12) (13) (14) . On these bases, the catalytic cycle is thought to involve both ferric and ferrous forms of the enzyme ( 11) . Most previous EPR experiments have been carried out on lipoxygenase-1 (L-1 ), the major lipoxygenase isozyme from soybeans. Recent papers have shown that the iron center in other lipoxygenases gives EPR spectra under conditions similar to those used with L-1 ( 15 ) . The EPR spectra of ferric lipoxygenases might be used in further studies to obtain information about the nature ofthe iron ligands, by EN-DOR or ESEEM, or about formation ofkinetic intermediates. These goals are complicated, however, by the existence of multiple, overlapping EPR spectra. Previous studies have shown that a single-component EPR spectrum can be obtained by adding ethanol to a lipoxygenase sample with a multi-component EPR spectrum and that cyanide, SDS and salt alter the ratios ofcomponents Address correspondence to Betty J. Gaffney, Department of Chemistry, The Johns Hopkins University, 3400 Charles St., Baltimore, MD 21218. that make up the spectrum (16) . Here we describe experiments showing that a species giving rise to the other major component of the multi-component EPR spectrum is obtained when ferric lipoxygenase is prepared in the presence of some buffer anions and neutral ligands. Isolation of this species is important in two ways: (a) we find that there are time-dependent changes in the symmetry of the L-1 iron center after it has been oxidized to the ferric form and (b) we are able to improve simulations (17) of the ferric L-1 lineshapes. We use spectral simulation to evaluate the interaction ofthe ferric center with ligands and also show that a transition in the middle Kramers doublet makes a significant contribution to the spectrum of the more rhombic species.
Multi-component EPR spectra arising from several different symmetries at the metal center are a common feature of EPR spectroscopy of ferric proteins. The nonheme ferric forms of transferrin (18) , iron superoxide dismutase ( 19) and phenylalanine hydroxylase ( 18) exhibit multi-component spectra and catalase is an example of a heme enzyme with multiple EPR spectra (20) . Computer simulation is often required to determine the number and proportions of spectral components displayed by an EPR sample (21, 22) . We present simulations showing that the EPR spectra oflipoxygenase-1 are composed, in most cases, of sub-spectra from at least 2 species. An earlier simulation of the EPR spectra of L-1 used angle dependent linewidths to achieve a reasonable fit to experimental spectra (17) . We have been able to account for this linewidth variation, instead, in terms of distributions of energy separations for the six-level S = 5/2 state. Our computer program for lineshape simulation has been discussed in a recent review (22) . An earlier program was used in simulations ofthe multi-component EPR spectra of ferric transferrin and phenylalanine hydroxylase ( 18) . (23) . Further purification of the sample was achieved using two, sequential passes through columns packed with new DE52, anion-exchange resin (Whatman, Hillsboro, OR). For a preparation starting with 500 g ofsoybeans, the dialysate in buffer A was loaded on the first or second, 100 ml DE-52 column, washed with 2 1 of buffer A to remove pigments and other impurities, and eluted with a 11 gradient from 0 to 0.4 M ammonium sulfate in buffer A. Samples were purified further on a metal-free Dionex (Atlanta, GA) HPLC system equipped with a Dionex ProPac PA preparative column (9 x 250 mm) running at 4 ml/ min or a Dionex Zorbax® SE-250, size exclusion column running at 3 ml/min. L-l adsorbs to the ProPac PAl column in buffer A and is eluted by a variety of 0.2 M solutions. For the Zorbax column, 0.2 M buffers were used. Elution with buffer B, or a gradient from buffer A to B, was used unless otherwise specified. The impurity most difficult to remove during the purification is a yellow-green, low-molecular weight species with X,,. = 410 nm. It elutes from anion exchange columns slightly after lipoxygenase or is separated by exhaustive dialysis. Activity assays were done with 3 nM L-I as described (23) with the modification that the assay solution usually contained 40 to 60 units/ml of bovine liver catalase (Sigma C-100). Activities of samples used for EPR were 180 ± 10% umol minm-mg-' in the presence ofcatalase and slightly higher in its absence (24) . Iron assays (25) FIGURE 2 The effect ofadding glycerol to a sample offreshly-oxidized L-I is depicted here. The lower spectrum is from a sample prepared as those used for Fig. 1 . The buffer is 0.1 M phosphate, pH 7. When glycerol is added to 15% to the sample giving the lower spectrum, the spectrum at the top results. The dashed line is a partial simulation of the more axial component ofthe spectrum. The simulation parameters are given in Table 2 and are those of axial component II.
centrated substrate solutions or longer reaction times gave a number of by-products including the 1 3-keto-and hydroxy-decomposition products of the desired hydroperoxide. These products were separated from the hydroperoxide by the TLC conditions given above and they exhibited UV spectra (ether) distinct from the hydroperoxide. The experimental EPR spectrum (noisy line) of an L-l sample freshly eluted from HPLC in 0.2 M phosphate buffer, pH 6.8, is compared with a computer simulation (smooth line) which followed the steps outlined in Fig. 7 . Simulation parameters are given in Table 2 with axial component I. to the resting form of the enzyme gives a ferric species. We have examined this activation step at different pH's. Fig. 1 shows that the ability of 1 3-HPOD to oxidize dilute lipoxygenase iron is virtually independent of pH because each sample gives a signal representing the majority of the iron. In this figure, the EPR signals from samm| 0 the position of the low-field maximum is at a slightly higher g' value (g' = 7.4 in Fig. 1 , a-c and 7 .45 in Fig. 1 FIGURE 4 The electron paramagnetic resonance (EPR) spectra of lid This result is shown in Fig. 2 substituted pyridines (picolines) and their N-hydroxy derivatives were tested. The more rhombic species was evident in the EPR spectra of samples containing the picolines while the more axial one was observed for the N-hydroxy picolines. Several experiments were done to examine the stability with time ofthe species prepared by the HPLC protocol. Fig. 4 shows one example of time-dependent changes in EPR spectra. The spectrum of a sample prepared in 0.2 M phosphate buffer, pH 7.8 as the HPLC eluting buffer is given at the top of Fig. 4 while a spectrum of another portion ofthe same sample after storage at I0°C for 24 h is given in the middle. The particular sample used for Fig. 4 was passed through a second HPLC size-exclusion column after anion exchange purification on HPLC. This second column was not used routinely. Samples prepared in phosphate or formate buffers were examined for enzyme activity and EPR spectra at intervals over a period of one month. While substantial EPR spectral changes are observed after 24 h, ferric L-1 at pH 7, purified by the anion-exchange HPLC method described above, is usually stable with respect to the standard activity assay for three weeks to one month. After one month, the EPR spectrum has changed further from that shown in the middle of Fig. 4 to one resembling the spectra in Fig. 1 of samples in low-concentration, phosphate buffer. A sample of lipoxygenase was also subjected to three cycles of linoleate addition and HPLC separation of protein from fatty acid products. In the first cycle, two equivalents of linoleate were added. In the second and third cycles, an additional two and ten equivalents, respectively, were added to protein isolated by HPLC from the previous cycle. The EPR spectra of samples after each cycle were identical. Thus, the EPR spectrum at the top of Fig. 4 can be observed for lipoxygenase that has been through at least 14 turnovers. Spectral changes that are seen when a sample is stored for 24 h can be largely, but not completely, reversed by adding another equivalent of linoleic and reelution of the protein from HPLC in the same buffer. After a week or more, some of the signal change is irreversible by this approach but no degradation of the protein can be detected in the HPLC elution profile or in gels and activity remains unchanged. The sum ofthe normalized spectral intensities remains constant for at least one month, although the ratio of components changes. Other studies have shown that the EPR signal intensity gradually decreases in samples from which the fatty acid byproducts have not been removed (29) . We have observed this result also with samples from which by-products of oxidation have not been removed and think the signal loss probably results from fatty acid free radicals reacting with the iron center.
The amount of the more axial component in freshly prepared ferric L-1 is a function of the length of time taken in preparing the sample. In Fig. 5 , we show the low-field portion of the spectrum of a sample eluted from HPLC in phosphate buffer. Care was taken to keep the sample and HPLC column on ice during the entire procedure and to complete the procedure in 1 h. Spectral simulations, which will be described below, were employed to estimate the fraction of the signal corresponding to the more rhombic component which gives the prominent low-field signal at g' = 7.4: based on simulation, that fraction was 93%. Even higher levels of the rhombic species are seen in spectra of samples in which L-1 has been separated quickly from fatty acid by-products by ammonium sulfate precipitation and resuspended. The anionic composition of the sample is, of course, not well defined when ammonium sulfate pellets are resuspended.
We note briefly that large rapid-passage signals from lipoxygenase at 4 K result when the second harmonic with respect to the 100 kHz field modulation is recorded. Weger showed long ago (28) that second harmonic signals result when spins relax more completely at the ends of the modulation swings than in the middle. An example is shown in Fig. 6 where the rapid passage spectrum (Fig. 6 a) is compared with the result (Fig. 6 b) obtained by taking the numerical derivative of Fig. 6 a. The rapid passage signal shown for the ferric sample was about twice the intensity of the normal derivative signal recorded using the same microwave power (5 mW) and modulation amplitude (8 Gauss) that was used to record the passage signal. The derivative (Fig. 6 b) of the passage spectrum (Fig. 6 a) ofthe ferric L-1 sample is essentially identical to the regular derivative presentation (not shown) ofthe spectrum ofthis sample. Note in this case, that the spectrum is dominated by the near-axial component. In other cases where spectra of the more rhombic FIGURE 7 The steps in simulating the EPR spectra for HPLC-purified ferric L-I in 0.2 M phosphate, pH 6.8 are depicted here. Contributions to simulations of the more rhombic component (central E/D of 0.065) are shown on the left. Those that contribute to the more axial component (central E/D of0.0175 ) are shown on the right. (a) The calculated absorption spectra for all ofthe components used in calculating the distribution in EID are shown. The spectra have not been multiplied by the gaussian weighting factors, so each spectrum shown corresponds to the same number ofspins, for the various values ofE/D, except that the vertical scale is multiplied by 2.5 for the spectra on the left, compared to those on the right. The spectra shown differ by 0.005 in the parameter EID except that two curves is omitted for clarity for the 3 to 4 transition. Significant contributions to spectra in the region shown arise from transitions between levels 1 and 2 and 3 and 4 as shown. The energy levels involved are designated by a double-headed arrow. (b) After applying the gaussian weighting factor to the spectra shown in a, the sum gives the calculated absorption spectrum shown here. (c) The derivative spectra corresponding to the absorption spectra shown in b are separated into the contributions from each significant pair of energy levels. The ripples appearing in the calculation for the 3-4 transition of the near-axial component (right side).
(d) The derivative EPR spectra that are used in simulations of experimental spectra are shown. The spectra are the derivatives ofthose shown in b. All simulation parameters are given in Table 2 and axial component I was used. and near axial species are of nearly equal amplitude, the optimum phase for detecting the second harmonic signal differs for the two signals because they saturate differently. In this case, numerical derivatives at one phase do not reproduce the first harmonic spectra. Some passage signal is exhibited by the resting ferrous enzyme as well (Fig. 6 a) . The derivative ofthe passage spectrum (same conditions as those given in Fig. 6 for ferric protein) for ferrous L-1 (60 mg/ml in 0.02 M phosphate, pH 7) shows signals at g' -6 and 4.3 and a clear manganese sextet at g' = 2. These species are much easier to discern by taking the derivative of a passage spectrum at high microwave power than by recording the normal EPR spectra. The occurrence of a small signal at g' = 6 in the spectra of the ferrous sample suggests that there may always be a portion of lipoxygenase samples in the ferric form.
SIMULATION OF LIPOXYGENASE-1 EPR SPECTRA Quantitative aspects of EPR spectra that extend over a wide magnetic field range, as high-spin iron spectra do, must be addressed by simulation ofthe spectra. One reason for this is that solution ofthe spin Hamiltonian gives a frequency-swept spectrum. After conversion to a fieldswept spectrum, the intrinsic linewidth is no longer a constant across the spectrum (30) . Thus, integration ofa wide, field-swept spectrum is not a useful tool. This, and other aspects ofthe theory oftransition metal EPR, have been discussed recently by Pilbrow (21 ) . Lipoxygenase EPR spectra have been the subject of an earlier simulation study ( 17 ) . Now, with samples of lipoxygenase that are dominated by the more rhombic component, we are able to evaluate this spectrum in more detail. The spin Hamiltonian appropriate for high-spin iron is given by Eq. 1, Hs = gpB * S + D(S2-1/3S2) + E(S2-S2), (1) where D and E are the axial and rhombic zero-field splitting parameters, respectively. Our computer program for spectral simulation, based on Eq. 1, includes full matrix diagonalization and has been discussed (22) . Variablefrequency EPR (31 ) and optical spectroscopy (32) have been used to determine that the value ofD for lipoxygenase is greater than the X-band microwave quantum (hVxband = 0.31 cm-', Dlox -1.7 cm-'). Although perturbation theory can be used when D exceeds hv by this much, the simulations we present use the full diagonalization. Assignment of the features of the lipoxygenase spectrum can be made by noting the resonance fields of the three low-field maxima. They are at 89.0, 104.0, and 113.0 mT (hp = 9.22 GHz). Resonances at 89.0 and 1 3.0 mT correspond to the low-field turning points for transitions between the lower and middle Kramers doublets of a species of EID = 0.065. The peak at 104.0 mT must be that of a species with near-axial symmetry.
Additional reasons for assigning this region of the spectrum to two species are that the signal at 104.0 mT is more easily saturated than the others and the relative heights of the resonances at 104.0 and 1 3.0 mT change as the absolute proportion of component at 104.0 mT increases (compare Figs. 4 and 5) .
The features from all three principle axis directions for the more rhombic species are apparent when the partial spectrum shown in Fig. 5 is expanded in range to 400
mT. The outer width at half height of the lowest field peak (the gy feature) in the experimental spectrum is 3.2 mT in the spectrum shown in Fig. 5 . This value is characteristic of L-1 in phosphate buffer. A simulation simply using this linewidth and a Gaussian lineshape gave a poor fit to the experimental spectrum in several ways. Most importantly, the width ofthe gx feature centered at about 147.5 mT was much narrower in the simple simulation than in the experimental spectrum (this simulation not shown in Fig. 5 ). Many EPR spectra of high spin iron show evidence of distributions in the parameters of the spin Hamiltonian given in Eq. 1. For highspin ferric proteins, we ( 18) and others (33) have used distributions in the zero-field splitting parameters of Eq. 1 to account for the breadth and line shapes of EPR spectra. As the physical basis of the distribution cannot yet be evaluated, we use, for simplicity, a Gaussian distribution in E (or in EID while D is held constant) (22) . Fig. 3 showed the result of a simulation which fits all regions of the more rhombic spectrum by using a single linewidth and a distribution in EID to account for the breadth of the spectral features. The parameters for the simulation are given in Table 2 .
To illustrate the steps in computing the spectrum, Fig.  7 outlines the calculation. The left side of the figure shows how the more rhombic component is simulated.
Steps for the more axial species are shown on the right. A selection ofthe components contributing to the distribution is shown in a as an absorption spectrum and each absorption spectrum represents the same number of spins (the Gaussian weighting function has not yet been applied). Note that there are significant contributions from transitions in the lower Kramers doublet ( 1-2) and the middle one (3) (4) for the more rhombic species. After the spectra in a are weighted by a Gaussian and summed, the absorption spectra in b result. The derivative spectra are shown separately for transitions in each Kramers doublet in c and together in d. Finally, the more rhombic and near-axial components are added to match an experimental spectrum.
For Fig. 5 , the near-axial component accounts for 7% ofthe spins. It is clear from Figs. 2 and 3 that the near-axial spectra have some variation with the ligands in solution with time. In choosing the parameters for the simulation shown in Fig. 5 , parameters were selected that gave the feature from the more axial component at the experimentally observed g'-value. In fact, as the spectrum evolves with time after sample preparation, the g'-value Although the ratio of more rhombic to near axial species decreases as increasing amounts of hydroperoxide are added to the enzyme, the total ferric iron represented by the EPR signals should be more simply related to the ratio of hydroperoxide to enzyme. The simulations in Fig. 8 yield normalization constants for converting signal intensity to relative amount of ferric iron. When the more rhombic and near axial spectra correspond to equal amounts of iron in each site, the relative peak heights for the maxima at 89, 104, and 113 mT in simulated spectra are 0.46, 1.71, and 1.0. Using these figures to convert peak heights into amounts of ferric iron contributing to the spectrum, the titration curve shown in Fig. 9 results. The figure legend notes that the points in Fig. 9 Fig. 8 . We do see the reported optical and EPR spectra when more than one equivalent of hydroperoxide is added at pH 9.
B (mT) FIGURE 8 Simulations of the lipoxygenase spectra that result from different ratios of the more rhombic and the more axial species are shown. Parameters for the simulations are given in Table 2 . Axial component II was used. The ratios of spins in the two species (rhombic: axial) are (a) ( 10:1), (b) (2: 1), (c) ( 1:2), and (d) ( 1:10 Fig. 2 , superimposed on the experimental spectrum of the sample to which glycerol had been added, used the parameters of "axial component II" given in Fig. 8 for the spectral range from 0 to 400 mT. The same number of spins is represented by each spectrum as shown. The parameters used for Fig. 8 give good fits to samples in phosphate buffer. Although we have used a very different simulation approach from that of Slappendel et al. ( 17 ) , our result in Fig. 8 b for the 1:1 mixture is quite similar to theirs.
Simulations have been applied to make a quantitative analysis of the ferric iron formed as lipoxygenase is titrated with hydroperoxide. This is a complicated reaction to analyse by EPR because the chemistry is irreversible and the fatty acid product of the reaction may undergo secondary reactions so that there can be more than one fatty acid species interacting with the iron center.
DISCUSSION
This work differs from an earlier report ( 16) of the factors affecting the lineshape of L-1 EPR spectra in the extent of the more rhombic component obtained. The differences in the experimental conditions for that report and this one provide insight into the origin ofthe spectral variability for EPR of L-1. When the anionic composition of the buffer is controlled, by HPLC purification, ( 16, 32) , to influence the EPR spectra of lipoxygenase. Although the components contributing to the spectra fall generally into the group described by "near-axial" or "more rhombic", within each of these spectral categories there are small differences that depend on the nature ofthe ligands available. Also, azide is an exception in that it is the only ligand listed that gives a spectrum characteristic of near rhombic symmetry (Fig.  3) . Table 1 
Affinity of charged ligands for the iron center may provide a mechanism for charge compensation as the iron center alternates between ferric and ferrous in the catalytic cycle. The species designated "X" in Eq. 2 could be an open coordination site or a displaceable ligand. Alcohols have weak affinities for the iron center in lipoxygenase with binding constants from 3 to 260 mM (34) . The spectra shown in Fig. 1 suggest that buffer anions also may have affinities on the order of 100 mM for freshly oxidized lipoxygenase. Alternatively, since the more rhombic species is kinetically unstable, it is possible that ligands favoring the near axial species simply accelerate the rate of structural rearrangement to a structure that is more stable when the iron center is ferric. Since changes in symmetry at iron are partially reversible at early times but not at later ones, there must be more than one step involved in the changes that result in altered EPR spectra. General ionic strength effects may also be important in influencing conformational states of lipoxygenase: although we find no differences large enough, between samples in 0.02 and 0.2 M buffers, to be detected in CD spectra, there is a small effect ofionic strength on activity assays (37) . The effects reported here suggest that each step in the complex lipoxygenase kinetic pathway ( 11) should be examined as a function of potential metal ligands, their concentrations and pH. Other examples of metalloenzymes that have multiple EPR spectra arising from interaction of the metal with buffer ligands are the molybdenum-containing hydroxylases (35) . The symmetry ofthe more-rhombic component ofthe lipoxygenase iron center (EID = 0.065) is such that transitions in both the lower and middle Kramers doublets should be seen. The transition in the middle doublet for this symmetry may not have been noticed before because it is at nearly the same resonance field as the gy component ofthe more axial spectrum. As shown in Fig.  7 a, the low-field turning point for the 3-4 transition is almost invariant for quite a range of EID values. It should be apparent as a peak in samples for which EID > 0.05. In fact, we are now able to assign a small shoulder at -1 10 mT in the spectra of phenylalanine hydroxylase (25, 18) to a middle doublet transition.
